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ABSTRACT 
 
 
The overall objective of this research project is to evaluate the efficiency of low-pressure (LP) and 
medium-pressure (MP) UV light irradiation to inactivate waterborne pathogens that are an increasing 
concern in drinking water. The inactivation of pathogens depends directly on the total UV dose or 
fluence (UV intensity multiplied by contact time) received by the microorganism. UV light irradiation is a 
treatment technology that relies on the inactivation of microorganisms by inducing genomic damage. 
However the results obtained in this research suggest that different wavelengths emitted by the 
medium-pressure UV source may be affecting not only the genome of the virus, but also proteins in the 
viral capsid that may disturb the ability of the virus to attach to the host cell and therefore its ability to 
complete its infection cycle. The conditions of the water used for the experimental work were modeled 
after those encountered at the Neuilly sur Marne water treatment plant in France.  
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1. INTRODUCTION 
 
Ultraviolet (UV) light radiation is a disinfection approach that does not appear to directly produce 
disinfection byproducts, which are a major concern for drinking water treatment processes. UV light 
disinfection technology is a relatively simple and inexpensive alternative for the inactivation of many 
emerging pathogens. UV disinfection can be achieved using relatively monochromatic low-pressure 
lamps that emit a maximum energy output at a wavelength of 253.7 nm, polychromatic medium-
pressure lamps that emit energy at various wavelengths within the range of 180 to 1370 nm, or lamps 
that emit high intensity wavelengths in a manner known as ‘pulse’. According to the literature, the 
optimum UV disinfection effect is at wavelengths within the range of 245 to 285 nm (USEPA, 1999).   
Although UV disinfection processes present several advantages compared to chemical disinfection 
technologies, such as no formation of DBPs and no need to store hazardous material; the practice of 
secondary disinfection is still required to maintain a disinfectant residual throughout the distribution 
system in order to protect against recontamination. In addition, the presence of suspended or dissolved 
matter, turbidity and clumping or aggregation of microorganisms, as well as fouling of the lamps and 
quartz sleeves are conditions that may protect pathogens from the UV radiation and thus reduce the 
disinfection efficiency (USEPA, 1999).   
In the literature, UV light disinfection has been determined to be adequate to effectively inactivate 
protozoa (oo)cysts, bacteria and viruses. The mechanism by which UV light inactivates microorganisms 
involves absorption of ultraviolet light by DNA or RNA pyrimidine bases that triggers a photochemical 
reaction that produces dimers between bases; dimers occur between thymine or cytosine in the case of 
DNA, and between uracil or cytosine for RNA (Bolton and Linden, 2003). 
The effectiveness of a UV disinfection system depends on factors such as the configuration of the 
reactor, the spectra and intensity of the UV radiation, and various quality parameters of the water to be 
treated. UV systems with uniform radial mixing maximize exposure to UV radiation by eliminating dead 
zones that can reduce treatment efficiency. Factors that affect the intensity of UV radiation include lamp 
aging, fouling, and distribution within the reactor. Water quality parameters such as hardness, turbidity, 
and the residence time distribution inside the reactor also affect the inactivation of target 
microorganisms (USEPA, 2005).  
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The fluence delivery on UV lamps decreases as their irradiance diminishes with time. Linden and 
Sharpless (2002) investigated this effect with four medium-pressure UV lamps in a continuously 
operating reactor and they found a drop of 17 % in irradiance after ~4000 hours of operation. However 
these authors did not identify what caused the drop in irradiance.  
In this study the inactivation kinetics of three pathogens of concern (adenovirus, coxsackievirus and 
norovirus) were investigated to determine the effectiveness of both low-pressure and medium-pressure 
UV light lamps. In the next chapter a brief literature review of the three viruses of concern is provided. 
  
3 
 
2. PATHOGENS OF CONCERN 
 
Adenovirus 
Human adenoviruses are pathogens that cause mainly respiratory illnesses. There are 52 serotypes that 
can infect humans from which types 2 and 5 are more often used in laboratory work since they can be 
grown to higher titer and more information is available about them. All the adenoviruses are non-
enveloped, icosahedral, double-stranded (ds) DNA with a capsid or protein coat encasing the genome. 
They range in sizes from 70 to 100 nm (Eischeid, et al., 2009). Diseases caused by adenovirus serotype 2 
include pneumonia, acute febrile pharyngitis, hepatitis and myocarditis. Infective virions affect mainly 
infants, young children and immunocompromised individuals (Yates, M., et al., 2006).  
The UV resistance of adenovirus to low-pressure UV light has had a significant impact on regulations for 
UV treatment technology. In the Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR), the 
US Environmental Protection Agency (USEPA, 2006) established a UV dose of 186 mJ/cm2 requirement 
to inactivate 4-log of enteric viruses (Eischeid, et al., 2009). 
 
Coxsackievirus  
Enteroviruses, such as coxsackievirus are small non-enveloped viruses belonging to the Picornaviridae 
family. They possess single stranded RNA genome with positive orientation that directly acts as mRNA in 
infected cells (Werk, et al. 2009). Coxsackievirus range in sizes from 25 to 30 nm and presents an 
icosahedral shape. There are two types of coxsackievirus, A and B, and coxsackievirus B5 is one of the 
most prevalent.  
Health effects from coxsackievirus include hand, foot, and mouth disease, myocarditis, aseptic 
meningitis and miscarriage. Coxsackievirus B is the most common viral agent linked with heart disease 
and causes more than 50% of all cases of viral myocarditis. It is transferred via fecal-oral route and has 
been commonly found in wastewater, and contaminated surface water, groundwater, drinking water, 
and recreational waters. Coxsackievirus has shown relatively high resistance to free chlorine but it is 
more susceptible than adenovirus to low-pressure UV light inactivation (Vonder Haar, 2009).   
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Norovirus  
Human norovirus are the main cause of non-bacterial gastroenteritis worldwide, affecting people of all 
ages. They can be transmitted via fecal-oral route, through contaminated water or food, and are highly 
infectious and very resistant to several environmental stresses (Lee, et al. 2008). Norovirus outbreaks 
often occur in crowded locations, such as aircrafts carriers, cruise ships, hospitals, schools, hotels, camps 
and restaurants. Some of the main symptoms of norovirus infection include nausea, vomiting, 
abdominal pain, diarrhea, myalgias, headache and fever. Noroviruses are classified as class B biological 
agents due to their stability in the outbreaks and high infectivity. Currently there is no medication or 
vaccine available to treat or prevent human norovirus disease. There are many aspects of the norovirus 
biology that are not well understood, mainly due to the lack of a cell culture system; for this reason 
different animal surrogates have been analyzed to determine the most suitable model  to human 
norovirus effects (Wobus, et al. 2006).  
Murine norovirus (MNV) has been determined to be biologically similar to human norovirus, they are 
transmitted via fecal-oral route, and are cultivable in cell culture. MNV has been proposed as the most 
appropriate surrogate for human norovirus (Lee, et al. 2008). This cell cultured model provides the 
opportunity to understand the relationship between norovirus mechanisms of replication and 
pathogenesis in a natural host (Wobus, et al. 2006).  
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3. MATERIALS AND METHODS 
 
3.1 Adenovirus 
Virus propagation and viability assessment  
 
Human lung A549 carcinoma cells were obtained from Diagnostic Hybrids (Athens, Ohio).  Upon receipt, 
the cells were propagated on vented T75 flasks with 10 mL of growth media containing 90% Hams F-12 
Kaighn’s modification solution, 10% Fetal Bovine Serum, 100 units per mL of Penicillin/Streptomycin 
antibiotics and 0.25 µg/mL of Amphocyterin B. This medium is referred as “complete medium” for the 
A549 cell culture. Flasks were incubated at 37.5oC in a 5 % CO2 incubator. Cell confluence was monitored 
over time using an inverted phase contrast microscope.  90% confluence was typically achieved within 
five days.  Upon reaching this value, the cells were harvested, diluted, and passaged onto new T75 flasks 
for further cell culture or in T25 flasks for use in viability assessment experiments.   
Human Adenovirus serotype 2 (VR-846) was obtained from the American Type Culture Collection 
(Manassas, Virginia) and suspended in Hams F-12K medium (referred as “virus media”) containing 2% 
Fetal Bovine Serum, 100 units per mL of Penicillin/Streptomycin antibiotics and 0.25µg/mL of 
Amphocyterin B. The suspended viruses were added with an additional 10-mL volume of virus media 
onto a freshly aspirated T75 cell monolayer at 100% confluence. The flask was incubated until cytopathic 
effect was observed and most of the cells were detached from the surface of the flask. The suspension 
was freeze-thawed three times. Cell debris and released viruses were centrifuged at 1000 rpm for 15 
min at room temperature and the supernatant was collected, aliquoted in 2 ml cryovials and stored at -
80° C until used.  
Adenovirus viability was assessed by soft-agar overlay on A549 human lung carcinoma cell layers. Three 
days prior to the plaque assay, T25 flasks were inoculated with ~3.5x106 cells per flask. When the cells 
reached 95-100% confluence, adenovirus samples were diluted by 10-fold serial dilutions in 
microcentrifuge tubes. Dilutions were performed in virus media and 0.8 ml of the diluted sample was 
added to a T25 flask from the preparation described above. After a 90 minutes absorption period, the 
monolayer was overlaid with a nutrient mixture containing 100 mL of 3% autoclaved agar solution, 86 
mL of 2 x Minimum Essential Media (MEM), 3 mL FBS, 1 mL MgCl2, 6 mL of 7.5 % sodium bicarbonate 
and 0.6 mL of neutral red. The overlaid flasks were incubated at 37° C in a humidified 5% CO2 incubator. 
After 7-10 days the flasks were analyzed to count plaques formed (Sirikanchana, et al. 2008).  
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3.2 Coxsackievirus 
Virus propagation and viability assessment  
 
Preparation of the BGMK cell monolayer was conducted in accordance with the methods outlined in the 
USEPA Manual of Methods for Virology (EPA/600/4-84/013, 1987).  Upon arrival, 3 mL of the culture 
was added to 7-mL pre-warmed cell media- a 50/50 mixture of MEM (with Hank's salts and L-glutamine, 
without sodium bicarbonate) and Leibovitz's L-15 (with L-glutamine) plus 0.75 g sodium bicarbonate per 
liter, along with 10% fetal bovine serum, 1% Penicillin/Streptomycin antibiotics, and 0.1% of a 
Amphocyterin B- in a 75 cm2 tissue-culture flask. The cell suspension was incubated at 37oC until ~80-
90% confluence was reached.  The cells were removed, diluted, and transferred to new flasks, for 
subsequent cell culture and/or to be used in virus viability assessment.  
Coxsackievirus B5 Faulkner (VR-185) was obtained from American Type Culture Collection (ATCC, 
Virginia). Cell line culture was prepared 3 to 6 days before viral inoculation.  On the day of inoculation, 
growth media was aspirated, replaced with maintenance medium and then the cell monolayer was 
inoculated with 1 mL of virus stock.  The inoculated cell flask was stored at 37 oC until cytophatic effect 
was observed. Once this occurred the infected monolayer was removed and transferred to a 50 mL 
centrifuge tube and spun at 1000 rpm for 10 minutes at room temperature. The supernatant was 
removed and the pellet re-suspended in virus media.  After three freeze-thaw cycles, the solution was 
then again centrifuged at 1000 rpm for 10 min. The supernatant was lastly removed and the pellet 
transferred to a centrifuge tube and stored at -80 C until use. 
Coxsackievirus B5 viability was assessed by a soft agar overlay plaque assay using a BGMK cell 
monolayer. Three days prior to plaque assay, BGMK cells were passed to 25cm2 tissue culture flasks, 
until a monolayer with ~95-100% confluence was achieved. On the day of the plaque assay, virus 
suspensions were serially diluted in dilution broth.  Next, 0.8 mL of virus suspension was inoculated onto 
cell monolayer for 90 min. A 9-mL overlay medium was added to the flask and blended with previously 
added virus suspension. The overlay medium consisted of 83 mL 2X MEM, 3 mL FBS, 2 mL magnesium 
chloride, 1 mL pen/strep, 0.75 mL neutral red stock, 0.2 mL fungicides, 6 ml of 7.5% (w/v) sodium 
bicarbonate stock solution, and was combined with 100 mL of autoclaved nano-pure water containing 3 
g agar.  The mixture was then allowed to harden in the dark.  The flasks were incubated, upside down, at 
37 oC. Plaque formation was observed 2-3 days after agar overlay. Flasks with 15-200 plaques were used 
for calculation of virus concentration (Vonder Haar, 2009).  
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3.3 Murine Norovirus 
Virus propagation and viability assessment  
 
Murine Norovirus was cultivated using RAW 264.7 cells, a macrophage-like, Abelson leukemia virus 
transformed cell line derived from BALB/c mice. These cells were obtained from the American Type 
Culture Collection (ATCC; cat. no. TIB-71; lot no. 58228175). Cells were suspended in culture medium- 
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 100 units of 
penicillin/ mL, 100 μg/mL streptomycin, 10 mM HEPES (N-2 hydroxyethylpiperazine- N9-2-
ethanesulfonic acid), and 2 mM L-glutamine- and dispensed into 75 cm2 culture flasks and incubated at 
37 ºC in a humidified 5% CO2 incubator. All the cellular media was equilibrated for at least 30 min in the 
incubator before use.  Cells were subcultured every 2-3 days and transferred into new 75 cm2 culture 
flasks for subsequent cell culture and/or to 25 cm2 flasks to be used for virus viability assessment.  
Murine Norovirus was provided by Dr. Herbert Virgin from the Washington University (WashU) School of 
Medicine in St Louis, MO. The virus was inoculated on a 80-90% confluent RAW 264.7 cell monolayer for 
2 to 3 days in a humidified 5% CO2 incubator. After this period, cells were subjected to three freeze-thaw 
cycles, ensuring complete cell lysis and then centrifuged at 3,000 rpm for 20 min. In order to 
concentrate the virus, the supernatant was subjected to ultrafiltration, the resulting supernatant was 
recovered and placed in 1.5 ml aliquots that were stored at -80ºC for later use in disinfection 
experiments.  
In order to assess the viability of Murine Norovirus, Raw 264.7 cells were dispensed in 25 cm2 flasks at a 
density of 2 x 106 cells per flask and grown to at least 90% confluence in 3 ml of complete culture 
medium, by allowing them to adhere for 48 h at 37º C in the presence of 5 % CO2. The cell monolayer 
was inoculated with 0.5 ml of 10-fold serial dilutions of the virus prepared using culture medium. The 
inoculated cell flasks were incubated for 2 hours at 37 ºC in the presence of 5% CO2. After this time, the 
inocula was removed and 3 mL of a solution containing 2 parts of culture medium and one part of 1.5% 
Sea Plaque agarose was added and allowed to solidify. The flasks were incubated for 2-3 days at 37 ºC. 
After this period plaques formed were counted. Flasks with 10 to 300 plaques were used to determine 
the virus titer in PFU per milliliter. 
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3.4 Low-pressure UV light experiments 
 
Before starting a disinfection experiment with the low-pressure UV light condition, the UV lamp was 
allowed to warm up for a minimum of 5 min. The system was then calibrated as indicated by the 
manufacturer. The intensity distribution across the irradiated surface was measured with a 254 nm 
radiometer (International Light IL1400A, Peabody, Massachusetts). The UV fluence rate was determined 
using the solution absorbance, reactor geometry, and analytical methods (Bolton and Linden, 2003) 
based on Beer-Lambert law. 
During the experiment, a petri dish with 15 mL of a suspension of 104-107 viruses was exposed to UV 
light at varying doses. Experiments were performed at room temperature with 1mM CBS water as well 
as a synthetic solution with water quality parameters representative of water from the Neuilly sur 
Marne (NSM) drinking water treatment plant. Continuous mixing conditions were achieved with a 
magnetic stir bar and plate. The irradiation was constant throughout the experiment; the dose depends 
on the times the samples were taken. Each inactivation curve was meant to cover the target virus 
survival ratio range N/N0 = 0.0001-1 (0 to 4-Log10 of inactivation). To assess the potential of the virus’ 
ability to repair itself, virus samples from some of the experiments were held for 1 and 5 days under 
dark conditions after UV exposure.  
 
 
3.5 Medium-pressure UV light experiments 
 
For the medium-pressure UV light inactivation experiments the incident UV irradiance was measured 
with the IL1400A radiometer and a series of factors (petri factor, reflection factor, water factor, 
divergence factor, sensor factor and germicidal factor, as described by Bolton and Linden, (2003) were 
calculated to determine the effective average germicidal irradiance through the water sample. The UV 
doses were calculated by multiplying the weighted average germicidal irradiance and the exposure time 
in seconds. Compressed air was used to regulate the shutter in the system to control the UV irradiance 
time, and also help to regulate the temperature in the chamber holding the medium-pressure UV lamp. 
The collimator used in the low-pressure experiments was replaced with a longer one (35”) and the 
distance from the lamp to the reactor was adjusted to run experiments at least 1 min long. The rest of 
the experimental procedure for the medium-pressure lamp was very similar to the one described for the 
low-pressure experiments.  
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A band-pass filter was used in the configuration of the medium-pressure system to transmit a well-
defined band of light at 254 nm, rejecting all other radiation. The filter consists of two reflecting stacks 
separated by an even-order spacer layer. The shape of the filter provides shallow cut-on and cut-off 
slopes, making the out-of-band blocking range slow. To improve the slopes and increase the attenuation 
in the blocking band, the filter is provided with several cavities during the construction of this standard 
dielectric band-pass filter (Andover Corporation). The filter is mounted in a black anodized aluminum 
ring and was placed at the end of the collimator in the medium pressure system. 
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4. RESULTS AND DISCUSSION 
 
4.1 Low-pressure UV light inactivation 
 
Experiments were performed at room temperature (20-22° C) in a reactor containing CBS or NSM 
synthetic water. A comparison between CBS and NSM simulated water was evaluated and, as previously 
reported (Vonder Haar, 2009), no change in the kinetics was observed.   
Figure 1, includes a series of inactivation curves obtained for MNV by monochromatic (254-nm) low-
pressure UV light at different pH values. The kinetics does not show any significant dependence on pH. 
All the curves follow first order kinetics which is consistent to what has been reported in the literature 
for other ssRNA viruses.  
 
Figure 1. Comparison of low-pressure UV light inactivation for murine norovirus at various pH values 
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Figure 2, illustrates the inactivation kinetics by low-pressure UV light of adenovirus 2 (previously 
reported by Page, et al. 2007), coxsackievirus B5 (both reported by Vonder Haar, 2009 and obtained in 
this study) and murine norovirus obtained in this study. The kinetics obtained in the present study for 
coxsackievirus matches that from the previous study. It can be observed that the low-pressure UV 
inactivation rates for all three viruses follow first order kinetics. Also, the inactivation kinetics of the two 
ssRNA viruses (CVB5 and MNV) is very similar. The low-pressure UV fluence for 99.99% inactivation of 
both MNV and CVB5 is about 30 mJ/cm2. On the other hand, the UV dose required to inactivate 4-logs of 
adenovirus 2 was more than 5 times (~170 mJ/cm2) that required for either CVB5 or MNV with 
irradiation at 254 nm. The data obtained in this study did not differ appreciably from previously 
reported low-pressure UV light inactivation kinetics for coxsackievirus B5 and murine norovirus. 
 
Figure 2. Comparison of the inactivation kinetics by low-pressure UV light (254 nm) for Adenovirus 2 (Ad2), 
Coxsackievirus B5 (CVB5), and Murine Norovirus (MNV) 
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4.2 Medium-pressure UV light inactivation  
 
Once the kinetics was established for the low-pressure UV light, the collimated beam apparatus was 
reconfigured with a polychromatic medium-pressure UV lamp. The inactivation kinetics with medium-
pressure UV was evaluated for the three viruses. Because it was well established that UV inactivation 
kinetics do not depend on pH, alkalinity or temperature, experiments were performed at constant water 
quality representative of the Neuilly sur Marne water treatment plant (Appendix B).   
Figures 3, 4 and 5 show the MPUV light inactivation curves obtained for coxsackievirus, murine 
norovirus and adenovirus, respectively. In Figure 6 the kinetics of the three viruses are replotted to 
better visualize how they compare. Figure 6 illustrates that for adenovirus the fluence required for 4-log 
inactivation efficiency was approximately 50 mJ/cm2, which is almost twice the UV fluence required for 
this level of inactivation with the ssRNA viruses (~30 mJ/cm2). This difference in fluence required 
between the dsDNA and the ssRNA viruses was still considerable but not as remarkable as that 
corresponding to LPUV light inactivation. 
 
Figure 3. Inactivation kinetics of Coxsackievirus B5 (CVB5) with Medium-Pressure (MP) UV Light 
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Figure 4. Inactivation kinetics of Murine Norovirus (MNV) with Medium-Pressure (MP) UV Light 
 
 
 
Figure 5. Inactivation kinetics of Adenovirus 2 (Ad2) with Medium-Pressure (MP) UV Light 
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Figure 6. Comparison of MPUV light (200-300 nm) inactivation kinetics for Adenovirus 2 (Ad2),  
Coxsackievirus B5 (CVB5), and Murine Norovirus (MNV) 
 
 
 
 
 
4.3 Comparison between LPUV and MPUV light inactivation kinetics 
 
Figure 7, shows the comparison of the inactivation kinetics obtained with low and medium-pressure 
ultraviolet light with each virus considered in this study. The kinetics for coxsackievirus and norovirus for 
both types of UV lamps are similar. In contrast, the inactivation of low-pressure UV light for adenovirus 
required a UV fluence around 5 times greater than that presented to reach the same effectiveness with 
the other 2 viruses. 
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Figure 7. Comparison between LPUV and MPUV light inactivation kinetics for Adenovirus 2 (Ad2), 
Coxsackievirus B5 (CVB5), and Murine Norovirus (MNV) 
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Figure 8. Inactivation kinetics for Adenovirus 2 (Ad2), with LPUV and 
 MPUV light with a 254 nm band-pass filter  
 
Figure 9, shows the lamp spectra of the medium-pressure lamp used in this study with and without the 
254 nm band-pass filter. The figure shows that the filter is blocking all the irradiation from the lower and 
higher wavelengths letting pass only the radiation between ~250-260 nm, with a peak at 254 nm. At this 
value the low-pressure UV lamp is considered to emit the majority of its irradiance, therefore, under this 
configuration the medium-pressure lamp was expected to display the same effect in the inactivation 
kinetics when compared to results from experiments performed with a low-pressure UV lamp as a 
source of irradiation. The data presented confirms the expected results.  
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Figure 9. Irradiance spectrum of the MPUV lamp with and without the band-pass filter at 254 nm  
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Figure 10. Comparison of LPUV and MPUV inactivation kinetics for Adenovirus 2 (Ad2) obtained in this 
study to those recently reported in the literature 
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cell DNA repair machinery. This is consistent with the inactivation curves obtained in this study for the 
ssRNA viruses; CVB5 and MNV. Both viruses presented similar inactivation kinetics when irradiated by 
either of the UV sources.  
There is information available in the literature (Guo, H. et al., 2010) addressing the repair effect of 
different adenovirus serotypes (5, 40, 41) depending on the host cell. Each type of adenovirus was more 
susceptible to LPUV radiation when they were assayed in a repair-deficient host cell. In the study by 
Eischeid, et al. (2009) lesions induced on adenovirus DNA were assessed in viruses that had not been 
evaluated with a cell culture infectivity assay. The results showed an increase in lesions with increasing 
UV doses; however the curves obtained from both the LP and MP UV were very similar indicating that 
both UV irradiation sources were equally effective at damaging the viral DNA at the doses tested (0-120 
mJ/cm2). This information shows the importance of the host cell in the determination of the inactivation 
kinetics for adenovirus with UV radiation. The susceptibility of this virus to UV light may be considered 
to be dependent on the repair capacity of the cell line used for viability assessment.  
 
The enhanced effectiveness of the medium-pressure source compared to the low-pressure UV lamp can 
be attributed to the presence of the lower and higher wavelengths (220-240 and 260-290 nm) that 
might be more efficiently absorbed by proteins in the capsid. This is supported by the inactivation curve 
that was obtained when the band-pass filter was included in the MPUV irradiation. The kinetics matched 
what was previously reported for adenovirus 2 when irradiated by LPUV. In the study by Day, L. A. 
(1972) the ultraviolet absorbance of adenovirus 2 hexon was evaluated. The lowest absorption was 
present within ~250 nm, with a slight increase in higher wavelengths (270-280 nm) and a greater 
absorption towards the lower wavelengths (210-230 nm).   
 
The capsid proteins are important for attachment to the host cell. The wavelength emitted by the low 
pressure lamp (254 nm) might not be absorbed by proteins; therefore the inactivation by LPUV can be 
mostly attributed to DNA damage.  However, the DNA damaged by this wavelength (254nm) seems to 
be effectively repaired by the repairing mechanism of the host cell. On the other hand, the wavelengths 
emitted by the MPUV other than 254 nm may be affecting the capsid proteins that the virus uses to 
attach to the host receptor, impeding the interaction between damaged DNA and repairing machinery 
of the host cell. More work is required to determine exactly what proteins in the capsid of adenovirus 
are being damaged and the wavelengths emitted from the MPUV light responsible for such effect.  
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5. CONCLUSIONS 
 
Murine norovirus was susceptible to inactivation by ultraviolet light; the kinetics was similar to that 
previously reported for coxsackievirus by low-pressure UV light. The kinetics observed for these two 
ssRNA viruses were the same when they were exposed to polychromatic UV light.   
The effectiveness of monochromatic low-pressure and polychromatic medium-pressure ultraviolet light 
was very similar to inactivate CVB5 and MNV under the conditions encountered at the Neuilly sur Marne 
water treatment plant. Under both conditions a UV fluence of ~30 mJ/cm2 provided 4 logs of 
inactivation. 
The inactivation kinetics of adenovirus 2 with polychromatic ultraviolet light was about three times 
faster than the kinetics obtained from the filtered irradiation at 254 nm with the band-pass filter. 
Therefore, the enhanced inactivation of the MP source can be attributed to the lower and/or higher 
wavelengths emitted by the polychromatic lamp that might be producing not only damage to the 
genome, at some extent, but also to capsid proteins that the virus use for attachment to the host cell. 
The differences between the inactivation kinetics of low-pressure and medium-pressure UV light are 
important since current protocols for UV reactor validation are based on the low-pressure 
monochromatic UV light emitted in bench scale collimated beam reactors. However, as observed in the 
data presented in this study, a lower fluence was required for the same level of inactivation of the 
pathogenic virus (adenovirus) that is considered to have the highest resistance to UV light radiation.  
Work at the molecular level is required to better understand the inactivation mechanism of ultraviolet 
light to produce more effective and efficient water treatment technologies. This will also help to 
improve multi-barrier disinfection systems since human pathogens may present different resistances to 
different disinfectants and protection against emerging pathogens is of concern.  
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APPENDIX A: Raw Data 
 
 
Virus COXSACKIEVIRUS     
DATE 31-May-10 
  Temp Room (22.6 °C) 
 
  
pH 9.05 
  
  
Water 1mM CBS 
 
  
0.035 mW/cm2 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
Control 0.00 0.000     TNTC 56 70000 1.000000 
1 4.83 10.150 _ 86 6 0 1075 0.015357 
2 9.65 20.265 64 3 0   80 0.001143 
3 14.48 30.415 7 0         
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Virus MURINE NOROVIRUS     
DATE 1-Nov-10 
  Temp Room (22 °C) 
 
  
pH 8.55 
  
  
Water 1mM CBS 
 
  
0.035 mW/cm
2 
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 -4 N N/No 
  (min) (mJ/cm
2
)           pfu/ml   
Control 0.00 0.00 - TNTC 490+ 65 4 81250 1.000000 
1 2.32 4.87 - TNTC 170+ 22 1 27500 0.338462 
2 4.58 9.63 - 285+ 48 5   6000 0.073846 
3 6.85 14.39 - 78 8 2   975 0.012000 
4 9.17 19.25 - 20 0 0   250 0.003077 
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Virus MURINE NOROVIRUS     
DATE 6-Nov-10 
  Temp Room (22 °C) 
 
  
pH 7.62 
  
  
Water 1mM CBS 
 
  
0.036 mW/cm
2
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
C 0.00 0.00 - TNTC 421+ 79 98750 1.000000 
1 2.37 5.11 - TNTC 155+ 20 25000 0.253165 
2 4.70 10.15 - 125+ 53 4 6625 0.067089 
3 7.03 15.19 - 94 9   1175 0.011899 
4 9.40 20.30 - 6 0       
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Virus MURINE NOROVIRUS   
DATE 18-Nov-10 
  Temp Room (21.8 °C) 
 
 
pH 8.08 
  
  
Water 1mM CBS 
 
  
0.036 mW/cm
2
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
C 0.00 0.00     TNTC 73 91250 1.000000 
1 2.33 5.04 - 452+ 194 20 24625 0.269863 
2 4.73 10.22 - 264+ 53 1 6625 0.072603 
3 7.02 15.16 - 109 12   1431.25 0.015685 
4 9.35 20.20 - 16 2   200 0.002192 
5 11.72 25.31 - 4         
 
 
  
0.0001
0.001
0.01
0.1
1
0 5 10 15 20 25
N
/N
o
 
IT (mJ/cm2) 
LPUV vs MNV (pH 8.08) 
27 
 
Virus MURINE NOROVIRUS   
DATE 21-Nov-10 
  Temp Room (22 °C) 
 
  
pH 8.7 
  
  
Water 1mM CBS 
 
  
0.036 mW/cm
2
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
) 
    
pfu/ml   
C 0.00 0.00     TNTC 96 120000 1.000000 
1 2.32 5.00   TNTC 183+ 33 41250 0.343750 
2 4.70 10.15 - 274 35 3 3900 0.032500 
3 6.97 15.05 - 77 7   962.5 0.008021 
4 9.33 20.16 - 24 1   300 0.002500 
5 11.63 25.13 - 4         
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Virus MURINE NOROVIRUS   
DATE 26-Jan-11 
  Temp Room (18.2 °C) 
 
  
pH 5.5 
  
  
Water NSM synthetic water 
 
  
0.036 mW/cm
2
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
C 0.00 0.00   TNTC TNTC 142 177500 1.000000 
1 2.27 4.90 - TNTC 203 32 32687.5 0.184155 
2 4.60 9.94 - 281 39 4 4193.75 0.023627 
3 6.85 14.80 - 123 14   1643.75 0.009261 
4 9.15 19.76 - 26 0   325 0.001831 
5 11.40 24.62 - 10     125 0.000704 
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Virus MURINE NOROVIRUS   
DATE 29-Jan-11 
  Temp Room (21.4 °C) 
 
 
pH 8 
  
  
Water NSM synthetic water 
 
  
0.036 mW/cm
2
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
C 0.00 0.00     306 39 43500 1.000000 
1 1.10 2.38     160 22 23750 0.545977 
2 3.33 7.20 - TNTC 43 4 5375 0.123563 
3 5.57 12.02 - 89 10   1181.25 0.027155 
4 7.78 16.81 - 50 4   625 0.014368 
5 9.98 21.56 - 8         
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Virus MURINE NOROVIRUS     
DATE 6-Feb-11 
  Temp Room (21.4 °C) 
 
  
pH 8.2 
  
  
Water NSM synthetic water 
 
  
0.037 mW/cm
2
 (Average germicidal irradiance) 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
C 0.00 0.00     TNTC 129 161250 1.000000 
1 3.50 7.77 - TNTC 118   14750 0.091473 
2 5.63 12.51 - 143 15   1831.25 0.011357 
3 7.83 17.39 - 72 11   1137.5 0.007054 
4 10.02 22.24 - 17     212.5 0.001318 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.0001
0.001
0.01
0.1
1
0 5 10 15 20 25
N
/N
o
 
IT (mJ/cm2) 
LPUV vs MNV (pH 8.2) 
31 
 
DATE 6-Jun-11   
MURINE NOROVIRUS 
  
Temp Room (22.6 °C) 
 
  
pH 8.08 
  
  
water NSM synthetic water   
0.43 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.6   
Germicidal Factor x Water Factor x Divergence Factor  0.647   
Petri factor 
    
0.932   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.674 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.657  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
Control 0.00 0.000   _ TNTC 55 68750 1.000000 
1 0.18 4.675 _ TNTC 77   9625 0.140000 
2 0.30 7.650 _ TNTC 35   4375 0.063636 
3 0.50 12.750 _ 85     1062.5 0.015455 
4 0.63 16.150 _ 28     350 0.005091 
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DATE 17-Jun-11       MURINE NOROVIRUS 
Temp Room (22 °C) 
 
  
pH 8.0 
  
  
water NSM synthetic water 
0.42 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.59   
Germicidal Factor x Water Factor x Divergence Factor  0.647   
Petri factor 
    
0.943   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.673 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.656  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
Control 0.00 0.000   TNTC 207+ 42 52500 1.000000 
1 0.27 6.720 _ TNTC 117   14625 0.278571 
2 0.42 10.500 _ 238 Bad agar   2975 0.056667 
3 0.68 17.220 _ 29     362.5 0.006905 
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DATE 17-Jun-11       MURINE NOROVIRUS 
Temp Room (22 °C) 
 
  
pH 8.0 
  
  
water NSM synthetic water   
0.42 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.59   
Germicidal Factor x Water Factor x Divergence Factor  0.647   
Petri factor 
    
0.943   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.673 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.656  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 N N/No 
  (min) (mJ/cm
2
)         pfu/ml   
Control 0.00 0.000   TNTC 228 21 27375 1.000000 
1 0.42 10.600 _ 198 20   2487.5 0.090868 
2 0.55 13.992 _ 68     850 0.031050 
3 0.68 17.384 _ bad agar         
4 0.82 20.776 _ 9         
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DATE 6-Jun-11      COXSACKIEVIRUS 
Temp Room (22.6 °C) 
 
  
pH 8.08 
  
  
water NSM synthetic water   
0.43 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.6   
Germicidal Factor x Water Factor x Divergence Factor 0.647   
Petri factor 
    
0.932   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.674 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.657  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 -4 N N/No 
  (min) (mJ/cm
2
)           pfu/ml   
Control 0.00 0.000   TNTC TNTC TNTC 189 2362500 1.000000 
1 0.12 2.975 TNTC TNTC TNTC TNTC 129 1612500 0.682540 
2 0.30 7.650 TNTC TNTC TNTC 159 41 355625 0.150529 
3 0.48 12.325 TNTC TNTC 285+ 60   75000 0.031746 
4 0.63 16.150 TNTC TNTC 130 27   25000 0.010582 
5 0.78 19.975 TNTC 300+ 63 5   7875 0.003333 
6 0.95 24.225 TNTC 95 13 4   1406.25 0.000595 
7 1.10 28.050 305 36 3     415.625 0.000176 
8 1.28 32.725 98 7 1     122.5 0.000052 
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DATE 10-Jun-11       COXSACKIEVIRUS 
Temp Room (22 °C) 
 
  
pH 7.98 
  
  
water NSM synthetic water   
0.418 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.59   
Germicidal Factor x Water Factor x Divergence Factor 0.647   
Petri factor 
    
0.931   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.662 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.646  mW/cm2 
 
Sample Time UV Dose -1 -2 -3 -4 -5 N N/No 
  (min) (mJ/cm
2
)           pfu/ml   
Control 0.00 0.000       363 47 5875000 1.000000 
1 0.23 5.852     307 38   475000 0.080851 
2 0.47 11.704     88 17   161250 0.027447 
3 0.63 15.884   180+ 34 4   42500 0.007234 
4 0.85 21.318 -  43 2 0   5375 0.000915 
5 1.03 25.916  - 16 1     2000 0.000340 
 
 
 
0.0001
0.001
0.01
0.1
1
0 5 10 15 20 25 30
N
/N
o
 
IT (mJ/cm2) 
MPUV vs CVB5 
36 
 
DATE 14-Jun-11       COXSACKIEVIRUS 
Temp Room (22 °C) 
 
  
pH 8.0 
  
  
water NSM synthetic water   
0.424 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.59   
Germicidal Factor x Water Factor x Divergence Factor 0.647   
Petri factor 
    
0.943   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.673 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.656  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 -4 -5 N N/No 
  (min) (mJ/cm
2
)   
    
  pfu/ml   
Control 0.00 0.000       TNTC TNTC 86 10750000 1.000000 
1 0.27 6.784       TNTC 91   1137500 0.105814 
2 0.42 10.600     TNTC 163+ 24   300000 0.027907 
3 0.55 13.992     TNTC 45 4   56250 0.005233 
4 0.82 20.776   TNTC 118 12     14875 0.001384 
5 1.10 27.984 TNTC 179 4       2237.5 0.000208 
6 1.27 32.224 243           303.75 0.000028 
7 1.48 37.736 65           81.25 0.000008 
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DATE 9-Jun-11      ADENOVIRUS 
Temp Room (22 °C) 
 
  
pH 8.1 
  
  
water NSM synthetic water   
0.42 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.59   
Germicidal Factor x Water Factor x Divergence Factor  0.647   
Petri factor 
    
0.931   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.662 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.646  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 -4 -5 N N/No 
  (min) (mJ/cm
2
)             pfu/ml   
Control 0.00 0.000     TNTC TNTC 84 11 1212500 1.000000 
1 0.23 5.880     TNTC 164 5   205000 0.169072 
2 0.47 11.760   TNTC 320       40000 0.032990 
3 0.68 17.220 _ TNTC 198       24750 0.020412 
4 0.92 23.100 _ 332 32       4075 0.003361 
5 1.15 28.980 _ 213 17       2393.75 0.001974 
6 1.38 34.860 _ 104 6       1300 0.001072 
7 1.62 40.740 _ 29         362.5 0.000299 
8 1.95 49.140 _ 10         125 0.000103 
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DATE 14-Oct-11       ADENOVIRUS 
Temp Room (22 °C) 
 
  
pH 8.08 
  
  
water NSM synthetic water 
0.406 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.59   
Germicidal Factor x Water Factor x Divergence Factor 0.646   
Petri factor 
    
0.939   
Sensor factor 
    
1.206   
Reflection factor 
    
0.975   
Divergence factor 
    
0.995   
True irradiance across the top of the petri dish 
 
0.668 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.652  mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 -4 -5 N N/No 
  (min) (mJ/cm
2
)   
    
  pfu/ml   
Control 0.00 0.000           19 2375000 1.000000 
1 0.40 9.744         16 7 200000 0.084211 
2 0.78 19.082       47     58750 0.024737 
3 1.18 28.826 -   104 7     13000 0.005474 
4 1.58 38.570 - _ 32 1     4000 0.001684 
5 1.98 48.314 - 26 3       325 0.000137 
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DATE 5-Nov-11       ADENOVIRUS 
Temp Room (22 °C) 
 
  
pH 8.08 
  
  
water NSM synthetic water 
0.08 mW/cm2 (Average germicidal irradiance) 
 
Radiometer reading at center of petri dish     0.1   
Germicidal Factor x Water Factor x Divergence Factor 0.9076   
Petri factor 
    
0.84   
Sensor factor 
    
1.076   
Reflection factor 
    
0.975   
Divergence factor 
    
0.9895   
True irradiance across the top of the petri dish 
 
0.09 mW/cm2 
True Incident irradiance entering the water in the Petri dish = 0.088 mW/cm2 
 
Sample Time UV Dose 0 -1 -2 -3 -4 -5 N N/No 
  (min) (mJ/cm
2
)             pfu/ml   
Control 0.000 0.000       TNTC 205 23 2718750 1 
1 8.333 40.000     TNTC 226 19   260000 0.095632 
2 16.667 80.000   TNTC 184 26 3 - 27750 0.010207 
3 25.500 122.400 - 142 12 -     1637.5 0.000602 
4 35.433 170.080 49 1 -       61.25 2.25E-05 
 
 
0.000001
0.00001
0.0001
0.001
0.01
0.1
1
0 20 40 60 80 100 120 140 160 180 200 220
N
/N
o
 
IT (mJ/cm2) 
Filtered MPUV (254nm)  vs Ad2 
40 
 
APPENDIX B: Synthetic NSM Water 
 
 
Appendix adapted from Vonder Haar, 2009. 
Developed from Raw Data Provided by Christelle de Traversay of Veolia Eau 
 
Neuilly Sur Marne Summary of Water Data
Parameter Units Average Range Water Type
Alkalinity oF 22.10 15.4 - 31.2 Influent
Alkalinity oF 20.30 15.7 - 33.0 Effluent
Aluminum µg/L 24.12 0.0 - 121.8 Sand Filter Effluent
Boron µg/L 34 16 - 53 Influent
Boron µg/L 34 10 - 54 Effluent
Bromide µg/L 44 0 - 96 Influent
Calcium mg/L as CaO 95.2 11.7 - 130.5 Influent
Calcium mg/L as CaO 95.7 10.9 - 131.6 Effluent
Chloride mg/L 23 16 - 32 Influent
Chloride mg/L 25.8 19 - 43 Effluent
Conductivity µS/cm 535.1 414.5 - 639.0 Effluent
Dissolved Organic Carbon mg/L as C 0.28 0.00 - 0.80 Effluent
Fluoride mg/L 0.26 0.15 - 0.30 Influent
Fluoride mg/L 0.25 0.15 - 0.80 Effluent
Hardness oF 28.3 18.6 - 40.0 Influent
Hardness oF 28.4 7.55 - 77.20 Effluent
Iron µg/L 5 0 - 60 Influent
Iron µg/L 0 - Effluent
Magnesium mg/L 11.05 0.9 - 25.5 Influent
Magnesium mg/L 10.96 2.00 - 78.30 Effluent
Manganese mg/L 25 13 - 66 Influent
Manganese mg/L 0 - Effluent
Nitrogen-Ammonia mg/L NH4 0 0 - 0.11 Influent
Nitrogen-Ammonia mg/L NH4 0 0 - 0.08 Effluent
Nitrate mg/L 20.43 8.92 - 42.27 Influent
pH pH units 7.44 7.08 - 7.81 Sand Filter Effluent
pH pH units 7.46 7.22 - 7.82 GAC Filter Effluent
Phosphate mg/L PO4 0.02 0.00 - 0.13 Effluent
Potassium mg/L 3 2.1 - 4.4 Influent
Potassium mg/L 2.8 1.8 - 4.3 Effluent
Silica mg/L SiO2 7 3.5 - 10.5 Influent
Sodium mg/L 11.3 8.1 - 16.4 Influent
Sodium mg/L 15.9 6.1 - 21.2 Effluent
Sulfate mg/L 33 25 - 46 Influent
Sulfate mg/L 50 35 - 65 Effluent
Temperature degrees Celsius 13.88 0.61 - 27.30 Effluent
Total Organic Carbon mg/L as C 1.62 0.85 - 3.37 Sand Filter Effluent
Total Organic Carbon mg/L as C 1.11 0.00 - 2.31 GAC Filter Effluent
Turbidity FNU 0.05 0.03 - 0.09 Sand Filter Effluent
Turbidity FNU 0.05 0.03 - 0.09 GAC Filter Effluent
UV Absorbance  254 nm 0.021 0.0070 - 0.0830 Sand Filter Effluent
UV Absorbance  254 nm 0.021 0.0000 - 0.0350 GAC Filter Effluent
41 
 
Parameter Conc. (mg/L) Parameter Conc. (mg/L) 
Aluminum 0.024 Manganese 0 
Boron 0.034 Ammonia-N 0 
Bromide 0.044 Nitrate 20 
Calcium 96 as CaO Phosphate 0.02 
Chloride 26 Potassium 2.8 
DOC 0.28 as C Silica 7 
Fluoride 0.25 Sodium 16 
Hardness 28
o
F Sulfate 50 
Iron 0 TOC 0 or 1 as C 
Magnesium 11 Turbidity <0.05 FNU 
 
